Mixed infections of secondary rhesus monkey kidney cells with human rotaviruses carrying rearranged genomes and with bovine rotavirus yielded a high percentage of reassortants. The genotypes of 511 plaque-purified clones raised in either MA104 or BSC-1 cells have been determined and the frequencies of different genotypes have been calculated. It was found that (i) reassortants did not emerge at random; (ii) there was non-random association of certain genes; (iii) the cell line used to isolate reassortants influenced the result, i.e. host cell factors had a selective effect on a recombinational mixture.
INTRODUCTION
Rotaviruses, a genus of the Reoviridae family, possess a genome containing 11 segments of double-stranded RNA. The segmented nature of the genome allows rotaviruses to reassort in vitro and in vivo Kalica et al., 1981; Gombold & Ramig, 1986) . Reassortants have been useful in determining RNA segment-protein coding relationships Kalica et al., 198 l, 1983) and are potential candidates for vaccine strains (Midthun et al., 1985) . Recently rotaviruses were isolated from chronically infected, immunodeficient children which carried rearranged genomes, i.e. normal RNA segments were replaced by concatemers of segment-specific sequences migrating much slower on a gel . These human rotaviruses (HRV) grew very fastidiously on their own in secondary rhesus monkey kidney cells and did not form plaques; however, in mixed infections they reassorted readily with tissue culture-adapted bovine rotavirus (BRV), and several rearranged bands of genomic dsRNA of the HRV were found to replace normal RNA segments of BRV structurally and functionally (Allen & Desselberger, 1985) .
We have isolated more than 500 plaques from such a recombinational mixture using two different cell lines and have determined the genotypes of these isolates after amplification. It was found that reassortment did not result in random distribution of genotypes, and that the frequencies of genotypes obtained depended on the host cell used for isolating the reassortants.
METHODS

Cells.
The continuous cell lines MA104 (derived from embryonic African green monkey kidney and obtained from Microbiological Associates, through Laboratory Duplex, Twickenham, U.K.), BSC-1 (derived from African green monkey kidney and obtained from Flow Laboratories) and secondary rhesus monkey kidney (RMK) cells (obtained from Flow Laboratories) were grown as roller cultures to confluence in Eagle's MEM supplemented with 10~ foetal calf serum. The cells were used for virus propagation as confluent monolayers in 50 mm Petri dishes and in 16 × 160 mm roller tubes.
Viruses. A recombinational mixture was obtained from a roller tube culture of RMK cells infected with HRV carrying genome rearrangements (specimen U H of 14.8.80; followed by superinfection with the tissue culture-adapted BRV (UK Compton strain) as described previously (Allen & Desselberger, 1985) . The mixture was serially diluted and plated on monolayers (in 50 mm dishes) of MA 104 or BSC-1 cells under a semisolid overlay containing 0-5~ agarose (Litex, Denmark) and 2 ktg/ml trypsin (Difco 1:250 A. GRAHAM AND OTHERS into 0-2 ml phosphate-buffered saline, treated with trypsin as described by Ward et al. (1984) and grown in roller tube cultures of MA 104 or BSC-1 cells under liquid overlay containing 2 Ixg/ml trypsin. When complete c.p.e, was observed, the tubes were frozen and thawed, and the suspension was clarified by low-speed centrifugation. Extraction and electrophoresis of viral RNA. Viral RNA was extracted directly from 0.5 ml aliquots of the supernatant and separated on 2.8~ polyacrylamide-6 M-urea slab gels as described by Follett & Desselberger (1983) . Limited numbers of RNAs were also separated on 7-5 ~ polyacrylamide gels using Laemmli's (1970) buffer system. The gels were silver-stained (Whitton et al., 1983) and the genotypes of the viruses determined.
Dot hybridization using segment-specific cDNA probes. The parental origin of certain RNA segments in reassortants was determined using a modification of the dot hybridization technique described by . In brief, 200 and 20 ng amounts of total virion RNA (denatured by boiling for 5 min followed by chilling) were spotted onto nitrocellulose membrane filters (BA85, Schleicher & Schuell) which were baked under vacuum at 80 °C for 2 h. RNA concentrations were determined on ethidium bromide-containing agarose plates according to Maniatis et aL (1982) using the RNA of purified BRV as a reference.
Individual RNA segments of BRV were isolated as described by Taylor et al. (1985) and 32p-labelled probes of cDNA were prepared by random priming and reverse transcription as described by Allen & Desselberger (1985) . Separation of cDNA from unincorporated [~-32p]dNTPs was by repeated ethanol precipitation out of a solution made 2 M in ammonium acetate (Okayama & Berg, 1982) . Prehybridization and hybridization were at 37 °C overnight as described (Allen & Desselberger, 1985) except that the final wash in 0.1 × SSC (1 x SSC is 150 mMsodium chloride, 15 mM-sodium citrate, pH 7.4) with 0.1 ~ SDS was at 60 °C for 30 min. Under these conditions there was no signal from the RNAs of the HRV spotted as a control. Between hybridizations with different probes, dehybridization was achieved by washing the filters in 5 mM-Tris HCI pH 8, 2 mM-EDTA, 0.1~ x Denhardt's solution at 70 °C for 1 h.
Statisticalmethods. Calculation of genotype frequencies and determination of gene association followed criteria outlined by Lubeck et al. (1979) .
RESULTS
Plaques were produced separately on MA 104 cells and BSC-1 cells from serial dilutions of the same recombinational mixture (Allen & Desselberger, 1985) as described above. The RNAs of 335 plaque-purified clones grown in MA104 cells and of 176 plaque-purified clones grown in BSC-1 cells were analysed on 2.8 ~ polyacrylamide-6 M-urea slab gels. The RNA profiles of the parent rotaviruses are shown in a diagram (Fig. 1 a) and silver-stained gels presenting the RNA profiles of different reassortants are seen in Fig. 1 (b) to (e). The results of genotype determinations are summarized in Table 1 . As segment 9 of BRV was replaced by RNA band D and segment 11 of BRV was replaced by RNA band G (Allen & Desselberger, 1985) , we were able to determine the parental derivation of seven out of 11 rotavirus genes in reassortants from these gels [RNA segments 2, 3, 4, 5, 6, 9, 11 ; Fig. 1 a and see also Fig. 3 of Pedley et al. (1984) and Fig. 1 of Allen & Desselberger (1985) ]. Standard BRV and reassortants R1 to RI6 were found in plaques obtained from MAI04 cells, and standard BRV and reassortants R1 to R6, R8, R10, R14 and R16 to R25 in plaques from BSC-I cells. Assuming randomness of segment reassortment and subsequent replication of the progeny, each of the theoretically distinguishable 27 -2 = 126 different reassortants and the two parents would have been expected to occur twice or thrice (2.62/335) in the collection of plaques isolated from MA104 cells and once or twice (1.38/176) in the collection of plaques isolated from BSC-1 cells. By chi-square analysis it was calculated that frequencies greater than 12/335 for a given reassortant in the collection of MA104 cell plaques and frequencies greater than 8/176 for a given reassortant in the collection of BSC-1 cell plaques are above the level of random occurrence at a confidence level of P < 0-05. Table 1 shows that this is the case for reassortants R1 to R6 of the plaque isolates from MA104 cells and for reassortants R1 to R5, R10 and R17 of the plaque isolates from BSC-1 cells. These 
100-2 176 100.3 * Parent bovine rotavirus (BRV) and reassortants of different genotype (RI to R25). Reassortant viruses were further designated by the numbers of the least represented parental genes after the letter of that parent (Offit et al., 1986) . Thus H9 = R1 contained band D (segment 9 equivalent) of the HRV and at least segments 2, 3, 4, 5, 6 and 11 from the BRV parent. The parent HRV was never isolated from a plaque.
t The origin is indicated by b (BRV) or h (HRV). RNA segment 9 of BRV was replaced by band D and segment 11 by band G of the HRV (Allen & Desselberger, 1985) . For 'x' see footnotes § and II.
Underlined values indicate significant difference from corresponding values obtained on MA 104 cells (chi-square test, P < 0.05 or less). For instance, the frequency 13/176 = 7.4~ differs significantly (P < 0-001) from 115/335 = 34.3% For numbers under 4 the Yates correction factor was used in calculations of chi-square values (Lubeck et aL, 1979) .
§ The parental origin of RNA segments 1, 8 and 10 was determined by using a modification of the dot hybridization techniques described by . The denatured RNAs of 72 reassortants chosen at random were dotted onto nitrocellulose membrane filters and successively hybridized to 32p-labelled cDNAs prepared by reverse transcription of random-primed individual RNA segments 1, 8 and 10 of BRV as described (Allen & Desselberger, 1985) . RNA segments of BRV were isolated according to Taylor et al. (1985) . RNA segment 8 was obtained from a prolonged separation on a 7.5~ polyacrylamide gel. Between hybridization, filters were dehybridized as described under Methods. All 72 reassortants had derived RNA segments 1, 8 and 10 from BRV (x).
14 The parental origin of RNA segment 7 was determined for 72 reassortants chosen at random but identical to those used for dot hybridization (see footnote §). RNAs were separated on 7.5~ polyacrylamide gels using Laemmli's discontinuous buffer system. Under these conditions RNA segment 7 of BRV migrated significantly more slowly than RNA segments 7 or 8 of the HRV parent. All 72 reassortants contained RNA segment 7 of BRV (x).
estimates are conservative, as RNA segments 1, 7, 8 and 10 of 72 unselectively tested reassortants were all derived from the BRV parent (Table 1, fourth and fifth footnotes) .
When the frequencies of reassortants isolated from the two cell lines were compared it was found that there were significant differences in the occurrence of standard BRV and of several reassortants; standard BRV and reassortants R1 and R6 were isolated significantly less frequently on BSC-1 than on MA104 cells whereas reassortants R3, R5, R10 and R17 occurred at a significantly higher frequency in plaques on BSC-1 cells (Table 1) .
The analysis of the frequencies of reassortment events for certain genes showed that the human rotavirus RNA segments 2, 5 and 6, as well as RNA bands D (segment 9 equivalent) and G (segment 11 equivalent) were found significantly more frequently when plaque isolation was carried out on BSC-1 cells than by isolation on MA104 cells (Table 2 ). As the same Table 1 ).
Frequency (e.g. 2/335 = 0-006). § Underlined values indicate significant difference from corresponding frequencies obtained from analysis on MA104 cells (chi-square test, P < 0-05 or less). r e c o m b i n a t i o n a l m i x t u r e was used to p r o d u c e p l a q u e s o n b o t h cell lines, the cellular host for virus replication clearly influenced the f r e q u e n c y of isolation of c e r t a i n r e a s s o r t a n t s a n d of one of the parents. T h i s is of special interest in cases w h e r e r e c o m b i n a n t s were n o t isolated at all or were isolated at the f r e q u e n c y p r e d i c t e d for r a n d o m r e a s s o r t m e n t on o n e cell line but were o b t a i n e d o n the o t h e r cell line at a h i g h e r f r e q u e n c y t h a n expected (R6, R10, R17).
T a b l e 3. Frequencies of double and triple reassortants isolated on MAI04 cells
T h e collection of reassortants was also c h e c k e d for gene association (gene ' l i n k a g e ' ; L u b e c k et al ., 1979) , t h a t is, w h e t h e r or n o t two or three reassorted genes were found m o r e frequently together t h a n would be expected f r o m t h e i r overall r e a s s o r t m e n t frequency ( L u b e c k et al., 1979) .
F o r r e a s s o r t a n t viruses o b t a i n e d from M A 104 cells it was found ( T a b l e 3) t h a t there was a w e a k association (P < 0.03) of t h e c o m b i n e d o c c u r r e n c e of H R V R N A s e g m e n t 5 a n d R N A b a n d D ( R N A s e g m e n t 9 equivalent), w h e r e a s the triple o c c u r r e n c e of t h e H R V R N A s e g m e n t 5, R N A b a n d D a n d R N A b a n d G ( R N A s e g m e n t 11 e q u i v a l e n t ) seemed to be m o r e f a v o u r e d (P < 0-01). T h e search for gene association in r e a s s o r t a n t s isolated from BSC-1 cells s h o w e d (Table 4) t h a t there was also gene association for reassorted H R V R N A s e g m e n t 5, R N A b a n d D a n d R N A b a n d G, b u t the associated o c c u r r e n c e o f H R V R N A s e g m e n t 5 a n d R N A b a n d D was not significantly (P > 0.05) a b o v e the expected value. T h i s result d e m o n s t r a t e s that, like the frequencies of single reassorted genes, the finding of gene association also d e p e n d e d in p a r t on the host cell used for isolation of reassortants. The analysis of a virus suspension obtained from cells mixedly infected with a HRV carrying genome rearrangements and BRV (UK Compton strain) has revealed the occurrence of a large number of different reassortants (Allen & Desselberger, 1985) . The rearranged bands D (segment 9 equivalent) and G (segment 11 equivalent) of the HRV parent were found at high frequencies in reassortants (Table 2) . We have reported the frequencies at which reassortants of different genotypes were isolated from two cell lines (Table t) and we have tested the collection of reassortants for gene association (Tables 3 and 4) . Several results seem to be noteworthy.
First, a number of reassortants occurred at frequencies above the level to be expected under the assumption that reassortment was at random and that replication of the progeny was not impaired. At this point it should be emphasized that the HRV carrying genome rearrangements grows very poorly on its own and that so far we have been unable to isolate plaques from it. Therefore, at the time of superinfection of HRV-infected cells with BRV the m.o.i, of the HRV was unknown. Furthermore, amplification of genes of HRV was only seen after several passages of the mixed infection; only the third passage was analysed in this work. Thus in the analysis presented here, consideration of randomness of the original reassortment event could not be separated from randomness of replication once certain reassortants had arisen. We have analysed the final product of these two events, that is selection of certain reassortants by growth. Although no external selective pressure of the kind frequently used in reassortment experiments (u.v. irradiation of one parent, ts mutation of one parent, antibody against one parent in overlay, etc.) has been applied, there was strong selection against the growth of one of the parents as the HRV with genome rearrangements did grow very poorly on its own, did not plaque and thus was not recovered in the progeny of the mixed infection. Thus, the finding of non-randomness of reassortment is not too surprising, but it is remarkable that reassortment frequencies of the HRV genes 5, D (9) and G (11) on MA104 cells and of HRV genes 5, 6, D (9) and G (11) on BSC-1 cells were higher than those of the other genes (Table 2 ). Preferential growth of certain reassortants has been found in vivo after mixed infections with rotaviruses (Gombold & Ramig, 1986) and reoviruses (Wenske et al., 1985) . Experiments to determine the frequencies of reassortants at defined m.o.i, of each parent and under the condition of a single replication cycle with no deliberate external selective pressure (Garbarg-Chenon et al., 1984) are under way with a different combination of rotaviruses; preliminary evidence points at non-randomness of the original reassortment event (D. Duckett, F. Hundley & U. Desselberger, unpublished results).
By genotyping on 2.8 ~ polyacrylamide-6 M-urea gels only seven out of the 11 RNA segments of the two parents could be reliably distinguished (Fig. 1) . Further analysis of 72 randomly chosen reassortants (Table l, fourth and fifth footnotes) revealed that RNA segments 1, 7, 8 and 10 were derived from the BRV parent in all cases. Thus, genome heterogeneity of these segments in reassortants R1 to R25 (Table 1) has not been totally excluded but is likely to be very low, certainly not above the level of randomness of reassortment. Consequently, the estimates of the upper threshold levels of randomness of occurrence of defined reassortants are probably too high, strengthening the findings of non-randomness as indicated in Table 1 .
Not a single reassortant showed an exchange of BRV RNA segment 4. This is not surprising as it is known that RNA segment 4 of BRV Kalica et al., 1983) and of rotavirus SAll (Lopez et al., 1985) codes for a haemagglutinin-like protein (VP4 and VP3, respectively) which promotes growth and protease-enhanced plaque formation in vitro and also determines virulence in vivo (Offit et al., 1986) .
Second, reassortment had originally occurred in RMK cells (Allen & Desselberger, 1985) , and plaques were isolated on MA104 cells to which the BRV strain used had been previously adapted. Frequencies of isolation of certain reassortants and of the BRV parent were dramatically different depending on whether MA104 cells or BSC-1 cells were used for plaque isolation. Genetic analysis had shown ( Table 1 ) that BRV parents and reassortants R1 (= H9) and R6 (= H5) were isolated more frequently on MA104 than on BSC-1 cells; reassortants R2 (Hll) and R4 (H5, 9) were found on both cell lines at indistinguishable frequencies; and reassortants R3 (H9, 11), R5 (H5, 9, 11), R10 (H5, 6, 9, 11) and R17 (H6, 9, 11) were found more frequently on BSC-1 than on MA104 cells. This suggests that band G (segment 11 equivalent)of the HRV genome promoted growth on BSC-1 cells not on its own but in conjunction with the human rotavirus segments 5 and 6 or RNA band D (segment 9 equivalent). A limited number of plaques grown from the recombinational mixture on secondary RMK cells were analysed for genotypes and the frequencies observed were close to but not always identical with those obtained from analysis of BSC-1 cell-selected plaques (A. M. Allen & U. Desselberger, unpublished results). From all these observations it was concluded that host cell factors play a significant role in selecting reassortants (and parents) and cannot be disregarded even under the conditions of a single growth cycle and high m.o.i, of both parents. The importance of host cell factors in selecting reassortants was also emphasized by Wenske et al. (1985) when analysing reassortment in vivo of different types of reoviruses. Less dramatic changes in viral subpopulations described as genomic drift have been found to be subject to strong host cell selection (Schild et al., 1983) .
It can be argued that reassortment frequencies of certain genes (Table 2) should be calculated relative to the total number of reassortant isolates instead of to the total pool of progeny analysed including parental viruses. We decided to relate frequencies of reassortment of genes to the total number of progeny viruses analysed as there was clear selection by growth not only against the HRV parent (no plaque isolates were obtained) but also for or against the BRV parent depending on the host cell line used for plaque isolation (Table 1) . Thus analysis of the total gene pool rather than of the gene pool of reassortants only seems to be the more meaningful. When reassortment frequencies of HRV genes were calculated in relation to total numbers of reassortants (as described by Lubeck et al., 1979) , the difference of reassortment frequencies of HRV genes 5, 6, D (9) and G (11) on the two cell lines remained significant whereas that of segment 2 reassortment became borderline.
Third, besides non-randomness of reassortment, gene association was observed in several cases (Tables 3, 4) . Reassortants deriving RNA segment 5 and RNA band D from the HRV parent and reassortants deriving three genes (RNA segment 5 and RNA bands D and G) from the HRV parent, were isolated from MA104 cells above the frequency to be expected from the observed reassortment frequencies of the single genes. However, when reassortants obtained from BSC-1 cells were tested for gene association, the 'linkage' of HRV genes 5 and D did not hold, whereas positive association of genes 5, D and G was also found. This signifies that findings of gene association, like those of frequencies of single genes, depend on the host cell used to isolate the reassortants.
In conclusion this study has shown the high potential of fastidiously growing human rotaviruses carrying rearranged genomes to reassort, and analysis of the data has pointed at the contribution of both viral genome components and host cell factors to the outcome of reassortment events.
